In membranes of Rhizobium leguminosarum bacteroids isolated from nitrogen-fixing pea root nodules, two different protein complexes with NADH dehydrogenase activity were detected. One of these complexes, with a molecular mass of 110 kilodaltons, was also found in membranes of free-living rhizobia, but the other, with a molecular mass of 550 kilodaltons, appeared to be present only in bacteroids. The bacteroid-specific complex, referred to as DH1, probably consists of at least four different subunits. Using antibodies raised against the separate polypeptides, we found that a 35,000-molecular-weight polypeptide (35K polypeptide) in the DH1 complex is bacteroid specific, while the other proposed subunits were also detectable in cytoplasmic membranes of free-living bacteria. Dehydrogenase complex DH1 is also present in bacteroids of a R. leguminosarum nifA mutant, indicating that the synthesis of the dehydrogenase is not dependent on the gene product of this nif-regulatory gene. A possible involvement of the bacteroid-specific DH1 complex in electron transport to nitrogenase is discussed.
Bacteria of the genus Rhizobium are able to fix atmospheric nitrogen in close concert with leguminous host plants. In this process nitrogen is reduced to ammonia by the bacterial enzyme complex nitrogenase. For its function, this enzyme requires the presence of a strong reductant with a redox potential of about -450 mV (5, 27) . The only known bacterial electron carriers with a sufficiently low midpoint potential are flavodoxins and ferredoxins, which have indeed been identified in several nitrogen-fixing species (6, 14, 31, 34) .
Little is known about the mechanism by which these low-potential electron carriers in diazotrophic bacteria are reduced. For the facultative anaerobic bacterium Klebsiella pneumoniae, which fixes nitrogen under anaerobic conditions, genetic and biochemical evidence indicates that a flavodoxin, encoded by the gene nifF, is reduced by electrons derived from pyruvate in a thioclastic reaction. The enzyme catalyzing this reaction is pyruvate:flavodoxin oxidoreductase, encoded by the nifJ gene (4, 14, 29) . This thioclastic reaction is probably the source of reducing power for nitrogen fixation in anaerobic bacteria in general (9) .
In Rhizobium spp. and other bacteria fixing nitrogen under aerobic conditions, the electron flow to nitrogenase probably follows a different route, since pyruvate:flavodoxin oxidoreductase activity has not been found in Rhizobium cell extracts (9) , and genes homologous to niJF or nifJ of Klebsiella have not been detected by interspecies DNA hybridization. Furthermore, it was shown that in Rhizobium bacteroids, unlike diazotrophs fixing nitrogen under anaerobic conditions, the electron transport to nitrogenase is dependent on an energized cytoplasmic membrane (15, 21, 22, 23) . This has also been reported for the strictly aerobic bacterium Azotobacter vinelandii (10, 20) , the cyanobacteria Anabaena variabilis and Plectonema boryanum (12, 13) , and the photosynthetic bacterium Rhodobacter sphaeroides (11) .
This observation and the observation that during nitrogen fixation the enzyme nitrogenase probably is attached to the cytoplasmic membrane (16, 18) suggest that in Rhizobium bacteroids the electron transport chain to nitrogenase probably is located in the cytoplasmic membrane. Since the main source of electrons for nitrogen fixation in aerobic and facultatively anaerobic diazotrophs consists of reduced pyridine nucleotides (2, 9, 19, 33), NAD(P)H-dependent dehydrogenases supposedly form a part of the electron transport chain to nitrogenase. For Azotobacter it has been shown that during derepression of nitrogen fixation a membrane-bound NADPH dehydrogenase is induced (20) ; however, no function in the process of nitrogen fixation has been assigned to this enzyme yet.
In this paper we describe the identification of two membrane-bound NADH-dependent dehydrogenase complexes in Rhizobium leguminosarum, one of which, denoted DH1, is bacteroid specific. Partial purification of this complex showed that it probably consists of three different polypeptides which are present in both bacterial and bacteroid membranes and contains one bacteroid-specific polypeptide.
MATERIALS AND METHODS Abbreviations. The following abbreviations are used: nifAgp, the regulatory nifA protein; NBT, 3,3'-(3,3'-dimethoxy-4,4'-biphenylylene)bis-2-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride; TES, N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid; PAA, polyacrylamide; FPLC, fast-protein liquid chromatography; kDa, kilodalton; SDS, sodium dodecyl sulfate.
Bacterial strains and growth conditions. Wild-type R. leguminosarum PRE (Strr) (26) and R. leguminosarum 2107 (Strr Kmr) carrying a TnS insertion in the nifA locus (32) were grown at 29°C in TY medium (5 g of tryptone per liter, 3 g of yeast extract per liter, 1.3 g of CaC12 per liter) supplemented with 1 mg of uracil per liter. Antibiotics were added at the following concentrations: streptomycin, 250 ,ug/ml; kanamycin, 20 ,ug/ml. Isolation of bacteroid and bacterial membranes. Free-living bacteria harvested at an optical density at 550 nm of 0.3 or bacteroids, suspended in 50 mM TES-KOH-5 mM MgSO4 (pH 7.5) at an optical density at 550 nm of 1.00, were broken in a French pressure cell at 1.4 x 105 kPa and centrifuged at 15,000 x g for 30 min at 4°C. The supernatant was centrifuged at 140,000 x g for 1 h at 4°C. The resulting membrane pellet was suspended in 50 mM TES-KOH-5 mM MgSO4 (pH 7.5) at a protein concentration of 10 mg/ml by using a Dounce glass homogenizer. The membrane suspension was frozen in liquid nitrogen and stored at -80°C.
Column chromatography of membrane proteins. Bacteroid membranes at a protein concentration of 8 mg/ml were extracted in 60 mM Tris hydrochloride-2 mM MgSO4-5% (vol/vol) Triton X-100 (pH 8.8) for 15 min at room temperature and centrifuged at 10,000 x g in an Eppendorf desktop centrifuge for 1 min. Solubilized proteins were separated on a Sephadex G-200 column with 50 mM Tris hydrochloride-5 mM MgSO4-0.1% Triton X-100 (pH 7.5), and fractions (0.5 ml) were analyzed for NADH-dehydrogenase activity. Active fractions were pooled, and proteins were separated by anion-exchange FPLC with a linear 0 to 2 M NaCl gradient in 50 mM TES-KOH-5 mM MgSO4-0.1% (vol/vol) Triton X-100 (pH 7.5). Fractions containing NADH-dehydrogenase activity were further analyzed by nondenaturing PAA gel electrophoresis.
Analytical methods. Membranes at a protein concentration of 8 mg/ml were extracted in 60 mM Tris hydrochloride-2 mM MgSO4-5% (vol/vol) Triton X-100-10% (vol/vol) glycerol (pH 8.8) for 15 min at room temperature and subsequently centrifuged for 1 min at 10,000 x g. Solubilized proteins were separated by electrophoresis on a 7.5% (wt/ vol) nondenaturing PAA gel containing 0.1% (vol/vol) Triton X-100 or on a 4 to 20% (wt/vol) nondenaturing linear PAA gradient gel containing 0.1% Triton X-100 in a buffer containing 200 mM glycine, 25 mM Tris, and 0.1% (vol/vol) Triton X-100 (pH 8.6). Electrophoresis of 7.5% gels was carried out at 80 V for 18 h at 4°C; 4 to 20% gradient gels were run at 200 V for 27 h at 4°C. To detect NADHdependent dehydrogenase complexes, we incubated gels with 0.25 mM NADH and 0.5 mM NBT in 50 mM TES-KOH-5 mM MgSO4 (pH 7.5) after electrophoresis. To analyze the polypeptide composition of a dehydrogenase complex, a gel fragment containing enzymatic activity (localized by staining part of the gel) was incubated in 5% (wt/ vol) SDS-10 mM P-mercaptoethanol for 5 min and fixed on top of an SDS-PAA gel with 1% (wt/vol) molten agarose; electrophoresis was performed by the method of Laemmli (24) . Protein concentrations were determined by the method of Lowry et al. (28) or with the BCA Protein Assay Reagent as specified by the manufacturer. Pyridine nucleotide dehydrogenase activities were determined by measuring the reduction of NBT spectrophotometrically at 560 nm at 24°C of 550 kDa, and the dehydrogenase activity denoted DH2, found in both bacteria and bacterial membranes, has a molecular mass of 110 kDa. Upon longer incubation the bands increased in intensity, but no dehydrogenase appeared at the position of DH1 in the lane with the bacterial membrane proteins. The detection of DH1 in bacteroid membranes and of DH2 in both bacteroid and bacterial membranes was reproducible in six separate experiments. Other minor bands visible in Fig. 1 were not found reproducibly and probably represent other NADH-dependent dehydrogenases which are more difficult to extract and thus occur in various amounts in the separate membrane extractions. When NADPH was used instead of NADH in the staining, the activity of DH1 and DH2 was reduced approximately 10-fold. No additional dehydrogenases were detected when NADPH was used (results not shown).
Polypeptide composition of DH1 and DH2. To study the polypeptide composition of the dehydrogenase complexes, we purified DH1 and DH2 by FPLC; therefore, Triton X-100-extracted high-molecular-weight membrane protein complexes were separated from low-molecular-weight proteins by chromatography on a Sephadex G-200 column. NADH-dependent dehydrogenase activity was detectable only in the void volume (results not shown). Active fractions were pooled, and protein complexes were separated on a Mono-Q anion-exchange column. Column fractions were assayed for NADH dehydrogenase activity ( Fig. 2A) , and portions of the active fractions were analyzed by electrophoresis on a 7.5% nondenaturing PAA gel and then stained with NBT and NADH. The bulk of complex DH1 was found in fraction 15 ( Fig. 2B) 15 of a Mono-Q exchange column after separation on a nondenaturing gel, were cut out of the gel and subjected to electrophoresis to examine the polypeptide composition. Complex DH1 contained four polypeptides (Fig. 3, lane a) , with molecular masses of 58, 35, 29, and 20 kDa (58K, 35K, 29K, and 20K polypeptides, respectively), which were reproducibly found in six separate experiments. Other polypeptides shown in Fig. 3 , lane a, were not reproducibly found and probably are not related to DH1 activity. Complex DH2 contained two subunits with molecular masses of 58 and 75 kDa (Fig. 3, lane b) .
To investigate whether any of the DH1 subunits are also present in bacterial membranes, antisera were raised against the separate 20K, 29K, 35K, and 58K polypeptides. Total bacterial and bacteroid membrane proteins were separated on an SDS-15% PAA gel, transferred to a nitrocellulose filter, and incubated with the different antisera. The Western blots showed that the 20K, 29K, and 58K polypeptides were present in both bacterial and bacteroid membranes (Fig. 4,  lanes a, b, c, d, g, and h ), whereas the 35K polypeptide was detectable only in bacteroid membranes (Fig. 4 , lanes e and f). The 35K polypeptide thus appears to be a bacteroidspecific component.
Proteins in fraction 15 of the Mono-Q column (Fig. 2a) were separated on a 7.5% nondenaturing PAA gel and transferred to nitrocellulose. The blot was then incubated with antiserum directed against the 35K subunit (Fig. 5a) roid-specific complex DH1 but was not detectable in DH2. The positions of the DH1 and DH2 complexes in this experiment were determined by staining a parallel gel with NBT and NADH (Fig. Sb) .
DH1 activity in nifA strain 2107. To investigate whether the synthesis of polypeptides in DH1 is under the control of the nif gene activating protein nifAgp, we prepared bacteroid membranes from 18-day-old pea root nodules induced by R. leguminosarum 2107 (32) carrying Tn5 in the nifA locus. NADH dehydrogenase staining of extracted membrane proteins of bacteroids from strain 2107 nondenaturing gel revealed that both DH1 and DH2 are present in membranes of the mutant in about the same amounts as in the wild-type bacteroid membranes. DH1 from the nifA mutant appeared to contain the same polypeptides as that from the wild type (results not shown). Apparently, neither NADH-dependent NBT reduction by DH1 nor the protein composition of DH1 depends on the presence of the regulatory nifA gene product.
DISCUSSION
In this report we show the occurrence of two prominent membrane-bound NADH-dependent dehydrogenase complexes in bacteroids of R. leguminosarum PRE. Complex DH1, with a molecular mass of 550 kDa, is specific for bacteroid membranes, whereas complex DH2, with a molecular mass of 110 kDa, is present in both bacteroids and free-living bacteria.
After partial purification, analyses of complex DH1 consistently showed the presence of four polypeptides with molecular masses of 20, 29, 35, and 58 kDa. This indicates that these polypeptides probably form part of the active DH1 complex. Definite proof for this will depend on reconstitution of active DH1 from the individual components. This may also reveal whether more polypeptides present in small amounts are an intrinsic part of DH1.
Using polyclonal antisera raised against each of these four DH1 subunits, we showed that the 20K, 29K, and 58K polypeptides occurred in free-living bacteria as well as in bacteroids. The 35K polypeptide was found only in bacteroids and thus may be considered a bacteroid-specific component of this NADH-dehydrogenase complex. Since no reactions of the 35K antiserum with other bacteroid dehydrogenases could be detected, the 35K polypeptide probably is present only in DH1. The antiserum also reacted with a 35K polypeptide in bacteroids, but not in free-living bacteria, of R. leguminosarum PF2 (25) (20) . The exclusive presence of DH1 in bacteroids suggests a similar role in nitrogen fixation in Rhizobium spp. Alternatively, it could be a part of the respiratory chain in bacteroids that is induced by the low oxygen concentration present in the root nodule (3); such an explanation seems less likely, however, since neither complex DH1 nor the 35K subunit was detectable in free-living bacteria grown under microaerobic conditions (<1% 02 in the gas phase) (results not shown).
If DH1 is part of the electron transport chain to nitrogenase, the gene coding for the 35K polypeptide should be considered a nif orfix gene. Since DH1 and the 35K protein are also present in bacteroids of the nifA mutant strain 2107, the expression of the 35K gene is not regulated by the regulatory nifA gene product. This excludes the possibility that (part of) DH1 is encoded by the nifAgp-regulated fixABCX operon (30) , which is hypothesized to have a role in electron transport to nitrogenase (8) , or by any other nifAgpregulated fix gene for which no function in the process of symbiotic nitrogen fixation has yet been assigned (1, 15) . Recently the existence of genes essential for nitrogen fixation but not regulated by nifAgp has been exemplified by the identification of a cluster offix genes on the sym plasmid of R. meliloti (7) . Interestingly, sequence data for these fix genes show that some of these probably code for membrane proteins containing Fe-S clusters (17) 
